The combined impact of SRS and EDFA transients stemming from channel load changes is investigated. It is shown that the maximal power excursion deviates from the linear product of isolated SRS and amplifier gain transients.
Introduction
In wavelength-division-multiplex (WDM) transparent optical transmission systems changes in channel count due to reconfiguration, fibre cuts or component failure can lead to undesired transient phenomena. In future agile transparent optical networks switches can initiate channel adds and drops with rise and fall times in the order of milliseconds and total power changes of more than 10 dB. Moreover, due to component failures or accidental fibre cuts a sudden power loss may occur. In both cases error free transmission of the remaining channels should be guaranteed. To effectively suppress undesired channel power fluctuations several control strategies have been proposed. In most studies, however, either SRS degradations assuming EDFAs with ideal gain control (e.g. [1] ) or EDFA transients without SRS (e.g. [2] ) have been investigated. Further studies have concentrated on developing fast tilt compensating filters (e.g. [3] ). In this paper we studied -for the first time to our knowledge -both effects together showing that linearly adding the resulting power excursions (in dB) from SRS and EDFA transients does not give correct estimates for the combined degradation.
Simulation Setup
To investigate the influence of transients in transparent optical networks the WDM system depicted in Fig. 1 has been simulated.
Fig. 1. Simulation setup
In a first step the transients due to SRS and the ones from the amplifiers have been studied separately. An ideal black-box EDFA has been assumed, in the former case. In the latter case the transmission fibre has been replaced by an attenuator. In a second step both effects have been included in the simulations. A 40 channel system with 100 GHz channel spacing has been investigated, which is typical for a regiosystem. In our simulations we examined different channel dropping scenarios. Different fall times have been considered as examples for intended and undesired channel load changes. Because the addition of channels can be controlled only the worstcase of power drops (e.g. due to failures) is investigated in this paper. In our simulations we used the average inversion level model for EDFAs introduced in [4] . The signal channels are represented by their time averaged power levels. To facilitate the simulations we assumed the gain spectrum in the relevant wavelength range to be flat. The deployed EDFA pump control circuit works as follows. The total input and output powers are obtained from 5% tap couplers inserted before and after the EDFA. The electronic feedback circuit is based on a proportionalintegral (PI) controller. The reason for omitting the derivative (D) part lies in the fact that a PI controller is insensitive to noise. The (static) gain controller parameters have been optimized for a cascade of 20 EDFAs [5] . Before and after each EDFA 2 dB attenuators have been placed to represent losses of couplers, splices and filters inherent to a realistic EDFA module. Spans of 100 km SSMF each with 0.22 dB/km attenuation have been assumed. The launch power into the fibre has been set to 3 dBm/ch. The SRS-tilt has been compensated by filter components with an inverse characteristic placed after each amplifier leading to a flat spectrum in the case of the fully-loaded system. The effect of spectral-hole burning (SHB) has not been accounted for in the simulations. In [6] it is shown that the SHB effect is worst for remaining channels in the long wavelength region. Thus, we do not expect our results to vary significantly, if SHB was included. Results Three different scenarios have been considered in our simulations: channel dropping ratios of 3 dB, 6 dB and 10 dB. Two falltimes have been assumed: a very fast power drop (160 µs) originating from system failures (e.g. fibre cuts) and a slower power drop (1 ms), which may be caused by intended switching of WDM channels. Simulations have been conducted for the following boundary conditions: with ideal constant gain EDFAs showing only SRS impairments (denoted: SRS-Tilt in Figs. 2-4) , with gain controlled EDFAs (GCE) omitting SRS impairments (denoted: w/o SRS) and simulations incorporating both effects (denoted: GCE & SRS).
Fig. 2. Maximal Power Overshoot vs. Span Count for 3 dB Power Drop
The SRS tilt compensation filter has been assumed static meaning that it has been optimized for the case of the 40 channel system. Furthermore, only worstcase scenarios are depicted in the following figures. The worst-case is given for the remaining channels grouped together in one part of the spectrum and not evenly distributed -leading to the highest SRS induced spectral tilt. In our simulations we assumed that the highest frequency channels survived leading to a maximal power overshoot due to an uncompensated SRS tilt. From Fig. 2 it can be observed that for a 3 dB power drop the EDFA controller can suppress the power fluctuations efficiently with maximal power overshoots below 0.4 dB. However, the mismatch of the SRS tilt compensating filter leads to an increase of the channel power of almost 4 dB after 20 spans.
Fig. 3. Maximal Power Overshoot vs. Span Count for 6 dB Power Drop
Please note that the overshoot has always been measured at the booster amplifier before the transmission fibre and the tilt compensation filter. This is why the SRS tilt is 0 dB at the first amplifier. In the case of a combined SRS and EDFA transient simulation it can be observed that the measured power excursion is dominated by the SRS impairments. Similar results have been obtained for the 6 dB power drop (Fig. 3) . Again it can be observed that the total power excursion is dominated by the uncompensated SRS tilt. The isolated EDFA transients lead to an overshoot of only 1 dB after 20 EDFAs. Taking both effects together leads to a total overshoot of 6.3 dB. In Fig. 4 the results for a power dropping ratio of 10 dB are depicted. This time the combined effects of SRS and EDFA transients lead to an overshoot of almost 8 dB, and the BER is likely to increase some orders of magnitude due to fibre nonlinearities. It can be clearly seen that a linear addition of the isolated EDFA and SRS impairments is not identical to the results of the combined simulation. 
Conclusion
We have presented a study of combined effects due to stimulated Raman scattering and EDFA transients. The investigated PI feedback control loop can effectively suppress the EDFA power transients. However, an uncompensated dynamic SRS tilt may lead to a significant channel power change, if the channel load is varied. The system designer should keep in mind that the isolated effects of SRS and EDFA transients do not add linearly yielding the combined effects. The reason for this behaviour lies in the nonlinear nature of the EDFA and the intensification of EDFA transients by SRS along the transmission line.
